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Aim: Ca**-release-activated Ca** (CRAC) channel, a subfamily of store-operated channels, is formed by calcium release-activated 
calcium modulator 1 (ORAI1), and gated by stromal interaction molecule 1 (STIM1). CRAC channel may be a novel target for the 
treatment of immune disorders and allergy. The aim of this study was to identify novel small molecule CRAC channel inhibitors. 
Methods: HEK293 cells stably co-expressing both ORAI1 and STIM1 were used for high-throughput screening. A hit, 1-phenyl-3-(1- 
phenylethyl)urea, was identified that inhibited CRAC channels by targeting ORAI1. Five series of its derivatives were designed and 
synthesized, and their primary structure-activity relationships (SARs) were analyzed. All derivatives were assessed for their effects 
on Ca” influx through CRAC channels on HEK293 cells, cytotoxicity in Jurkat cells, and IL-2 production in Jurkat cells expressing 


ORAI1-SS-eGFP. 


Results: A total of 19 hits were discovered in libraries containing 32 000 compounds using the high-throughput screening. 1-Phenyl-3- 
(1-phenylethyl)urea inhibited Ca?" influx with ICso of 3.25+0.17 pmol/L. SAR study on its derivatives showed that the alkyl substituent 
on the o-position of the left-side benzylic amine (R1) was essential for Ca% influx inhibition and that the S-configuration was better 
than the R-configuration. The derivatives in which the right-side R3 was substituted by an electron-donating group showed more 
potent inhibitory activity than those that were substituted by electron-withdrawing groups. Furthermore, the free N-H of urea was not 
necessary to maintain the high potency of Ca** influx inhibition. The N,N’-disubstituted or N’-substituted derivatives showed relatively 
low cytotoxicity but maintained the ability to inhibit IL-2 production. Among them, compound 5b showed an improved inhibition of IL-2 
production and low cytotoxicity. 

Conclusion: 1-Phenyl-3-(1-phenylethyl)urea is a novel CRAC channel inhibitor that specifically targets ORAI1. This study provides a new 


chemical scaffold for design and development of CRAC channel inhibitors with improved Ca?" influx inhibition, immune inhibition and 


low cytotoxicity. 
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Introduction 

Ca’*-release-activated Ca™ (CRAC) channel belongs to a sub- 
family of store-operated channels that possess the characteris- 
tic features of an inwardly rectifying current-voltage relation- 
ship" and rapid Ca**-dependent inactivation”. The channel is 
formed by ORAI (CRACM, calcium release-activated calcium 
modulator), which is a 4-transmembrane protein and is gated 
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by a single-pass transmembrane protein, STIM (stromal inter- 
action molecule), which functions as the sensor of the endo- 
plasmic reticulum (ER) luminal Ca” concentration. Com- 
pared with other ion channels, CRAC channel currents have a 
substantially higher selectivity for Ca” over monovalent cat- 
ions (PCa/PNa >1000)"!, with low single-channel conductance 
(<1 pS)" and a lack of significant voltage-dependent gating. 

In recent years, several human diseases have been linked to 
abnormal CRAC channel activities, including severe combined 
immunodeficiency (SCID) disorders"!, allergy” *!, inflamma- 
tory bowel disease (IBD)"!, thrombosis!”, breast cancer", 
Kawasaki disease'™! and organ transplant rejection. Specific 
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CRAC channel inhibitors may be developed into new safe and 
potent immune suppressors, which would benefit patients 
with these diseases. 

Thus far, a variety of small molecules blocking the CRAC 
channel have been identified, such as the imidazole derivative, 
SKF96365 (ICs) of approximately 4 pmol/L)"* '*!, 2-APB [at 
low concentrations of 1-5 pmol/L, 2-APB potentiates CRAC 
currents, whereas high concentrations (>10 pmol/L) cause a 
transient enhancement of CRAC currents followed by a com- 
plete block in S2 for mammalian cells]'” '*!, YM58483 (ICs of 
approximately 150 nmol/L after 24 h of preincubation; ICs) of 
approximately 10 pmol/L immediately after addition)"” *, 
and Synta 66 (ICs) of approximately 3 pmol/L)! (Figure 
1); however, these compounds are not specific because they 
interfere with a variety of other transport processes. The only 
specific CRAC channel inhibitor tested in human is CM2489™!, 
the structure of which has not yet been disclosed. Recent stud- 
ies have suggested that blocking CRAC channel activity by 
inhibiting STIM1 may inadvertently affect other channels”). 
Moreover, STIM1 mutations are associated with a syndrome 
of immunodeficiency and autoimmunity, whereas ORAI1 
mutations cause only a major clinical syndrome of immunode- 
ficiency™!. Therefore, molecules that specifically block ORAI 
may have fewer side effects compared with molecules that 
target STIM1. This is the focus and priority of CRAC channel 
research (Figure 1). 
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Figure 1. Structures of known CRAC channel inhibitors. 


To identify small chemical molecules that block CRAC 
channel activity, we established an ORAI1 and STIM1 stably 
co-expressed single-cell clone human embryonic kidney 293 
(HEK293) cell line and performed high-throughput screening 
of libraries containing 32000 compounds using a fluorescence 
assay of Ca™ influx. The average Z-factor of the screen was 
approximately 0.74, and the coefficient of variation was 4.7%. 
Hits in the screen were defined by a significantly reduced 
cytosolic Ca™ level [inhibition rate >MEAN (signal means) 
+3xSTDEV (standard deviations)] elevated by thapsigargin 
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(TG). A total of 19 hits were identified in the screen. Of these, 
8 compounds were lanthanide complexes, 3 compounds 
showed strong cytotoxicity, and 2 compounds exhibited weak 
inhibition using the patch clamp technique. We selected com- 
pound 1 from the remaining 6 compounds because this com- 
pound presents a novel chemical scaffold and good drug-like 
properties, which makes it different from the known CRAC 
channel inhibitors. In this study, we synthesized a series of 
structure closed analogs (2a-2h, 3a-3l, 4a-4j, and 5a-5j), with 
modifications of the left-side benzylamine subunit and right- 
side phenyl subunit of compound 1, and determined the 
primary structure-activity relationships (SARs). Several com- 
pounds showed improved potency and immune inhibitory 
activity. Compound 1 inhibits the CRAC channel by specifi- 
cally targeting the ORATI protein. We propose this derivative 
as a potential scaffold for developing novel CRAC channel 
inhibitors (Figure 2). 
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Figure 2. Structure of original hit compound 1. 


Materials and methods 

Chemistry 

The experimental procedures and characterization of all com- 
pounds are provided in the Supplementary Information. 


Biology experiment 

[Ca™]; measurement 

The intracellular calcium level was measured in 96-well plates 
using an automated fluorometric imaging plate reader (FLIPR, 
Molecular Devices, Sunnyvave, CA, USA). Either HEK293 or 
Chinese hamster ovary (CHO) cells, which stably expressed 
ORATI and STIM1, were pre-incubated with 4 pmol/L Fluo-4/ 
AM (Invitrogen) in standard extracellular Ringer’s solu- 
tion (145 mmol/L NaCl, 4.5 mmol/L KCI, 2 mmol/L CaCl, 
1 mmol/L MgCl, 10 mmol/L D-glucose, and 5 mmol/L 
Hepes, pH adjusted to 7.4 with NaOH) supplemented with 
2.5 mmol/L probenecid at 37°C for 30-45 min. The cells were 
washed twice and then immersed in standard extracellular 
Ringer’s solution. The change in Fluo-4 fluorescence was 
systematically assessed as follows: we first tested the basal 
calcium level for 30 s; we next added 1 pmol/L TG to open 
the CRAC channel and constantly measured the calcium level 
for 3 min; finally, we added a designated concentration (10 
umol/L) of compound and constantly measured the calcium 
level for an additional 6 min. To correct for variations in dye 
loading or cell numbers, we normalized the calcium level at 
1 min prior to adding the inhibitors and selected the calcium 
level value at the final 1 min to calculate the inhibition rate of 
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the compounds. A concentration of 10 pmol/L YM58483 was 
used as the positive control, and an equal amount of dimethyl- 
sulfoxide (DMSO) was the negative control. 

Tetracycline was added to induce the expression of MSS 
(monomer ORAT1 covalently linked with two 5336-435 domains, 
abbreviated as MSS)” and the ORAI1 V102A mutant. The 
customized medium was used (no calcium) to decrease the 
toxicity effect of high calcium caused by the constitutively 
open MSS and V102A channel. 

For the Ca” influx assay with the MSS and V102A mutants, 
after loading the cells with Fluo-4/AM, the cells were incu- 
bated in standard extracellular Ringer’s solution with 2 
mmol/L Ca” for approximately 10 min. When the calcium 
level was stable, the cells were treated with 10 nmol/L 
YM58483 as a positive control, an equal amount of DMSO as a 
negative control, and different doses of compound 1 to test its 
inhibitory effect. The inhibition rate of 10 umol/L YM58483 
was set to 100% and the inhibition rate of an equal amount 
of DMSO was 0 to normalize and calculate the inhibition rate 
of compound 1. In the Ca” influx assay with O1S1 and O2S1 
cells, before treating the cells with compounds, 1 umol/L TG 
was added to stimulate the opening of the CRAC channel. 


Electrophysiology 

Electrophysiology and patch clamp experiments were per- 
formed at room temperature using the standard whole cell 
recording configuration”. Cells were plated on poly-L-lysine- 
coated coverslips 12-24 h prior to the experiments. The extra- 
cellular solution contained 120 mmol/L NaCl, 10 mmol/L 
CaCl, 2 mmol/L MgCl, 10 mmol/L tetraethylammonium 
chloride and 10 mmol/L Hepes (pH 7.4 adjusted with NaOH). 
For recording the constitutive Icrac, the pipette was filled 
with a solution containing 110 mmol/L cesium glutamate, 6 
mmol/L MgCl, 10 mmol/L BAPTA, and 10 mmol/L Hepes 
(pH 7.2 adjusted with CsOH). The GFP fluorescence of each 
cell was measured before patch clamp recording. After estab- 
lishing the whole-cell configuration, voltage stimuli consist- 
ing of a 10-ms step to -100 mV followed by a 50-ms voltage 
ramp from -100 to +100 mV were delivered from the holding 
potential of 0 mV every 2 s. The currents were digitized at a 
rate of 20 kHz and filtered offline at 2 kHz. All current traces 
were leak-subtracted. After seal formation but before break- 
in, the I-V currents were collected by delivering the voltage 
ramps, and those with a current magnitude at +50 mV equal 
to the sustained outward current after break-in were assigned 
as the leak current. Capacitive currents were determined and 
corrected before each voltage ramp. The current amplitude 
at -80 mV of the individual ramp was extracted to monitor 
the development of Icgac, and current amplitudes at -80 mV 
were used for statistical analysis. Data were analyzed using 
the IGOR Pro 5.01 (Wavemetrics). The averaged results are 
presented as the mean value+SEM, with the number of experi- 
ments indicated. 


Cytotoxicity assay 
A Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, 


Kumamoto, Japan) was used to measure the cytotoxicity of 
compounds on Jurkat cells. Jurkat cells (2x10* cells/well) 
were seeded into 96-round-bottom-well plates and treated 
with 10 or 30 pmol/L compound or the corresponding amount 
of DMSO as a negative control for 48 h. After the cells were 
washed with PBS once, 10% (v/v) CCK-8 solution was added to 
each well, followed by incubation for 4 h at 37°C. The absor- 
bance at 450 nm was determined using an ELISA (enzyme- 
linked immunosorbent assay) reader (Wallac 1420 Victor2 
Microplate Reader, Perkin Elmer). 


Immune inhibition assay 

Jurkat cells were nucleo-transfected with ORAI1-SS-eGFP 
plasmids”! and cultured overnight with customized calcium 
free RPMI-1640 media. Then, the cells were washed, resus- 
pended with complete RPMI-1640 media, and seeded (2x10* 
cells/well) into 96-round-bottom-well plates. A concentra- 
tion of 10 pmol/L compound, 10 pmol/L YM58483 (positive 
control), or the corresponding amount of DMSO (negative 
control) was added to the wells. The Jurkat cells that express 
ORAI1-SS-eGFP produce IL-2 because of the constitutively 
opened CRAC channels. After 24 h, the amount of IL-2 in the 
cell supernatant was determined using the human IL-2 ELISA 
kit (human IL-2 duoset, R&D). 


Results 
The mechanistic studies of compound 1 
Compound 1 was evaluated to determine the inhibitory mech- 
anism on the CRAC channel (Figure 3). As shown in Figure 
3A and 3B, 10 pmol/L of compound 1 effectively decreased 
the high intracellular calcium level induced by the TG-opened 
CRAC channels in the ORAI1 and STIM1 stably co-expressed 
HEK293 cells. To analyze the target protein and inhibitory 
effect of compound 1, we tested it in constitutively opened 
CRAC channels that were formed by ORAI1-SS (monomer 
ORAI1 covalently linked with two $336-4ss domains, MSS)”*! 
and the ORATI mutant, V102A"". In MSS cells, the Ca” influx 
data showed that 30 pmol/L of compound 1 maximally inhib- 
ited 78% of the calcium level mediated by the MSS construct 
and that the calculated ICs) was approximately 0.2 pmol/L. 
Patch clamp data confirmed that 10 pmol/L of compound 1 
inhibited 54% of the total MSS current. Although the inhibi- 
tory effect of compound 1 on the MSS channels was partial, 
this result indicated that the possible target site of compound 
1 was located on ORAII, the S (336-485) domain, or both, 
instead of other regions, except 336-485, on STIM1. The ORAI 
mutant, V102A, produces no Ca” selective, constitutively 
opened CRAC channels, even in the absence of STIM1"!, The 
inhibitory effect of compound 1 on these STIM1-free V102A 
mutant channels is shown in Figure 3C and indicates that 
10 pmol/L of compound 1 completely, inhibits the calcium 
level and the current mediated by the opened V102A channel, 
which further demonstrates that the target protein of com- 
pound 1 is ORAT1. 

Human ORAI protein has three homologs, ORAI1, ORAI2, 
and ORAI3. When these proteins are co-expressed together 
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with STIM1 in HEK293 cells, ORAI1 or ORAI2 generates 
substantial CRAC current, but ORAI3 fails to produce any 
detectable Ca” selective currents”. To determine whether 
compound 1 specifically targets ORATI but not other ORAI 
proteins, we used an ORAI1 and STIM1 stably expressed cell 
line (O1S1) and an ORAI2 and STIM1 stably expressed cell line 
(02S1) to test the inhibitory effect of compound 1. As shown 
in Figure 3D and 3E, compound 1 partially inhibits O1S1 chan- 
nels. The Ca” influx data indicate that 30 pmol/L of com- 
pound 1 reaches the maximum inhibition rate of 66.98% for 
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the O1S1 channel and that the calculated ICs) is 0.38 pmol/L. 
Patch clamp data confirm that 10 pmol/L of compound 1 
inhibits 47.00% of the O1S1 current. However, both the Ca” 
influx assay and electrophysiological experiments showed 
that compound 1 did not inhibit the O2S1 channel. Therefore, 
these results indicate that compound 1 inhibits the CRAC 
channel by specifically targeting the ORAI1 protein (Figure 3). 


Structure and activity relationship of compound 1 derivatives 
The specificity of compound 1 led us to further explore this 
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Figure 3. Compound 1 inhibits the CRAC channel by specifically targeting the ORAI1 protein. (A) Ca?" influx data indicate that Compound 1 decreases 
the calcium level in the 01S1 opened CRAC channel. (B) Compound 1 partially inhibits the constitutively opened MSS CRAC channel. (C) Compound 1 
completely inhibits the constitutively opened V102A CRAC channel. (D) Compound 1 partially inhibits the 0151 CRAC channel. (E) Compound 1 does 
not inhibit the O2S1 CRAC channel. CRAC current was recorded, and the data were processed into the leak-subtracted current-voltage relationship at 
-100 mV. The black, red and blue lines represent the current trace in untreated cells (MSS, n=10; V102A, n=6; 0181, n=7; 02S1, n=7), the current 
trace in cells treated with 10 umol/L of compound 1 (MSS, n=10; V102A, n=6; 0151, n=9; 02S1, n=7), and the current trace in cells treated with 10 


umol/L of YM58483 (MSS, n=7; 0181, n=7; 02S1, n=7), respectively. 
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class of compounds. We first examined the effect of substi- 
tutions at the a-position in the benzyl group of compound 
1 on the CRAC channel inhibitory activity, cytotoxicity and 
IL-2 production (Table 1). Un-substituted compound 2a and 
methyl substituted compound 2b did not exhibit CRAC chan- 
nel inhibition at a 10 pmol/L concentration, whereas longer 
side-chain compounds, such as n-propyl 2c and n-butyl 2d, 
showed better inhibition of 74.09% and 48.86%, respectively; 
however, the cytotoxicity of these two compounds was 
increased significantly compared with compound 1. These 
results indicate that the length of the side-chain has a large 
effect on the inhibitory activity and cytotoxicity and that 
the ?-ethyl phenyl subunit may be the best choice to balance 
potency and cytotoxicity. 

Notably, compound 2f, the R-enantiomer of compound 1 
(ICs of 1 is 3.25 pmol/L), showed weaker inhibition (ICs of 2f 
is 7.60 pmol/L) compared with the S-enantiomer compound, 
2e (ICs of 2e is 0.75 pmol/L). In addition, the (S)-ethylene 
compound, 2g (37.09% inhibition at 10 pmol/L), and the (S)- 
ethynyl compound, 2h (16.33% inhibition at 10 pmol/L), 
reduced the inhibitory effect on the CRAC channel compared 
with the alkyl compound 1. From these results, we propose 
that the ability to inhibit the CRAC channel is sensitive to 
the size of the a-position substitutions on the left-side benzyl 
group. Small alkyl groups at the o-position on the left-side 
benzyl group were favorable for inhibiting the CRAC channel, 
and bulky groups may interfere with interactions between the 
target and molecules (Table 1). 

Then, we examined the effects of substitutions at the 
4-position in the left-side phenyl group of compound 1 on 
the CRAC channel inhibitory activity, cytotoxicity and IL-2 
production (Table 2). We found that hydrogen (3a) reduced 


Table 1. Inhibitory activity for CRAC channel of compounds 2a-2h. 


the inhibitory effects on the CRAC channel. Furthermore, the 
compounds substituted with cyano (3e), methoxycarbonyl 
(3f), trifluoro (3g), chloro (3h) and fluoro (3k) groups did not 
change the potency of inhibiting the Ca” influx, whereas the 
cytotoxicity was increased compared with compound 1. The 
compounds substituted with hydroxyl (3b), methoxyl (3c) and 
benzyloxyl (3d) groups increased the inhibitory effects of Ca” 
efflux but showed much higher cytotoxicity. 

We also investigated the effects of various replacements 
of the left-side phenyl group of compound 1 by substituting 
phenyl, hetero aromatic and aliphatic groups and found that 
compounds with hetero aromatic groups, such as 2-thiopheny] 
(3j), showed comparable inhibitory effects on the CRAC chan- 
nel, whereas compounds with aliphatic replacements (3k and 
31) completely lost the inhibitory activity. These results dem- 
onstrate that left-side aromatic groups are essential features of 
CRAC channel inhibitors (Table 2). 

Because the majority of the compounds in Table 2 have high 
cytotoxicity, the focus was changed to the right-side phenyl 
ring subunit of compound 1 to obtain improved potency with 
low cytotoxicity. Compounds (4a-4j) were synthesized and 
tested (Table 3). The activities of these compounds varied 
greatly. In the series of compounds possessing chloro groups 
(4a, 4b, and 4c), the 3-chloro group (4c) reduced the inhibi- 
tory activity to 11.14% at 10 pmol/L. The 2-chloro group (4b) 
reduced the inhibitory activity to 26.90% at 10 pmol/L, and the 
4-chloro derivative 1 showed 47.13% inhibition at 10 pmol/L. 
The inhibitory effects on the CRAC channel of the compound 
with a 4-position chloride (1) is greater than fluoride (4c) and 
bromide (4d). Compounds with electron-withdrawing groups 
(4e and 4f) exhibited better inhibitory activity, whereas com- 
pounds with electron-donating groups (4g, 4h, and 4j) showed 


Compound Ry Inhibition of Ca?* influx Cytotoxicity (%) IL-2 production 
(10 mol/L) (10 umol/L) (30 umol/L) (10 pmol/L) 
1 Et IC50=3.25+0.17° 9.49 51.17 85.82% 
Imax=82.50%° 
2a H 0.92% NT? NT? NT? 
2b Me 7.05% NT? NT? NT? 
2c nPr 74.09% 47.65 94.82 96.35% 
2d nBu 48.86% 48.41 59.17 96.39% 
2e (S)-Et IC59=0.75+40.02° 
Imax 17.71%" 19.83 46.99 87.57% 
2f (R)-Et IC50=7.60+0.24° 
Imax=6 7.99%" 22.41 54.22 82.23% 
2g (S)-Ethylene 37.09% NT? NT? NT? 
2h (S)-Ethynyl 16.33% NT” NT? NT? 


1ICs9 value for Ca? influx (umol/L). ICs) values were estimated by inhibition at eight concentrations. Assays were performed in triplicate, and data 
represent similar results. ” Not tested. ° Imax Value stands for maximum inhibition of Ca?* influx. 
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Table 2. Inhibitory activity for CRAC channel of compounds 3a-3l. 


LO 


N N 
H H 
Ry 
Inhibition of Ca” influx Cytotoxicity (%) IL-2 production 
Compound R2 

(10 umol/L) (10 umol/L) (30 umol/L) (10 pmol/L) 
1 4-Me IC50=3.25+0.17° 9.49 51.17 85.82% 

lna =82.50%° 
3a 4-H 19.83% NT” NT? NT’ 
3b 4-OH 70.05% 40.76 37.48 85.09% 
3c 4-OMe IC59=4.52+0.07° 

lna = 95.24%" 32.40 56.22 87.18% 
3d 4-OBn 63.08% 65.50 58.16 73.46% 
3e 4-CN 34.50% 55.07 76.54 68.06% 
3f 4-COOMe 38.22% 75.14 79.63 72.72% 
3g 4-CF3 29.85% 60.92 100.00 76.73% 
3h 4-Cl 45.59% 41.41 90.89 87.92% 
3i 2,4-Di-F 37.42% 39.91 80.75 76.45% 
3j° 44.07% NT? NT? NT? 
3k° NA’ NT” NT? NT? 
31° NA’ NT” NT? NT? 


ê [Cso value for Ca** influx (umol/L). ICsọ values were estimated by inhibition at eight concentrations. Assays were performed in triplicate, and data 
represent similar results. °Not tested. ° Imax Value stands for maximum inhibition of Ca?* influx. “Not available. 
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decreased inhibitory activity. By contrast, removal of the 
chloro group (4i) significantly decreased the inhibitory activity 
(Table 3). 

Because modification on the phenyl ring makes it difficult 
to balance activity and cytotoxicity, we focused on the effect 
of N-H on the inhibitory activity. We found that N’ single- 
methylated compounds 5a (36.30%), 5c (32.52%) and N,N’- 
dimethylated compounds 5b (44.30%), 5d (48.35%) exhibited 
considerable activity compared with compound 1 (47.13%). 
However, because the introduction of larger moieties (5e, 5f) 
or a cyclized nitrogen with an ortho-substitution (5g, 5h, 5i, 
and 5j) can lead to reduced inhibitory activity on the CRAC 
channel, it is possible that cyclization with nitrogen and a left- 
side phenyl ortho-substitution influences the torsional angle 
between the left-side phenyl ethylamine and the right-side 
phenyl ring. This finding indicates that free N-H is not nec- 
essary to maintain the high potency of the inhibitory activity 
and thus provides a suitable point for further modification to 
improve the activity (Table 4). 

Interestingly, we discovered that the majority of N-substituted 
compounds showed relatively low cytotoxicity while retain- 
ing their potency to inhibit IL-2 production. For example, the 
cytotoxicity of compound 5b is less than 30% at 30 pmol/L, 
but it inhibits IL-2 production by 86% at 10 pmol/L. This 
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compound has improved Ca” influx inhibition, immune inhi- 
bition and low cytotoxicity and may be a lead in the further 
development of small molecule inhibitors of the CRAC chan- 
nel. 


Discussion 

Recently, several human diseases have been linked to abnor- 
mal CRAC channel activities; therefore, interest in this area is 
growing rapidly, but most of the present chemotypes of small- 
molecule CRAC channel inhibitors are similar. Thus, it is 
necessary to diversify the chemical classes that inhibit CRAC 
channels. 

Moreover, previous data indicate that a STIM1 mutation is 
associated with a syndrome of immunodeficiency and auto- 
immunity but that a ORAI1 mutation only causes a major 
clinical syndrome of immunodeficiency. Therefore, molecules 
that specifically block ORATI may have fewer side effects 
than do molecules that target STIM1; however, the majority 
of the small molecules used previously were unselective. For 
example, they blocked the transient receptor potential channel 
(TRP) C and TRP M channels with a similar potency as CRAC 
channels. The only specific CRAC channel inhibitor tested 
in human is CM2489, the structure of which has not yet been 
disclosed. Therefore, the issue of selectivity has been a cen- 


Table 3. Inhibitory activity for CRAC channel of compounds 4a-4j. 
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Inhibition of Ca?* influx Cytotoxicity (%) IL-2 production 
Compound R3 
(10 pmol/L) (10 pmol/L) (30 umol/L) (10 pmol/L) 
1 4-Cl IC59=3.25+0.17° 9.49 51.17 85.82% 
Imax=82.50%° 
4a 2-Cl 26.90% 3.25 34.04 67.66% 
4b 3-Cl 11.14% 31.18 73.80 98.26% 
4c 4-F IC59=1.6240.11° 15.60 15.01 75.54% 
Imax= 11.43%° 
4d 4-Br 21.10% NT? NT? NT? 
4e 4-NO, IC59=6.95+40.27° 13.47 68.30 75.85% 
Imax=D8.97 %° 
4f 4-COOEt 42.86% 10.91 9.45 84.18% 
4g 4-OMe 19.80% 21.46 15.36 24.16% 
4h 4-Me 31.69% 26.11 31.61 80.79% 
4i H 0.26% 27.82 24.28 29.66% 
4j 4-cyclopropyl 11.18% NT? NT? NT? 


è [Cso value for Ca? influx (umol/L). ICsọ values were estimated by inhibition at eight concentrations. Assays were performed in triplicate, and data 
represent similar results. ” Not tested. ° Imax Value stands for maximum inhibition of Ca?* influx. 


Table 4. Inhibitory activity for CRAC channel of compounds 5a-5j. 


vot 
R; R, Rs 
Inhibition of Ca? influx Cytotoxicity (%) IL-2 production 
Compound Re Ra Rs (10 pmol/L) (10 pmol/L) (30 umol/L) (10 pmol/L) 
4 Me H H ICs0=3.25+0.17° 9.49 51.17 85.82% 
Imax=82.50%° 
5a Me H Me ICs0=2.13+0.00° 2.83 10.85 61.67% 
Imax=65.20%° 
5b Me Me Me IC59=11.95+0.83" 6.25 28.02 86.76% 
Imax= 95.23%" 
5c OMe H Me 1.46% -2.13 8.86 52.86% 
5d OMe Me Me ICs0=6.50+0.31° 5.88 29.13 87.38% 
Ina=91.74%° 
5e OMe H Allyl 4.26% -1.93 -6.54 47.25% 
5f OMe (CH2) 13.87 NT? NT? NT° 
5g H 15.08% 3.40 35.88 75.77% 
5h T Me 7.48% -0.51 21.92 31.57% 
5i 0 pa H 6.23% 1.37 12.87 28.64% 
5j DO Me 22.07% 17.34 19.49 77.19% 


ê [Cso value for Ca** influx (umol/L). ICsọ values were estimated by inhibition at eight concentrations. Assays were performed in triplicate, and data 
represent similar results. ” Not tested. ° Imax Value stands for maximum inhibition of Ca?* influx. 
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priority for future CRAC channel research. 

In this study, we designed and synthesized a series of novel 
1-phenyl-3-(1-phenylethyl)urea derivatives and evaluated 
their inhibition of Ca” influx through CRAC channels. Of 
these CRAC channel inhibitors, several showed an improved 
inhibition of IL-2 production in the Jurkat cell line with low 
cytotoxicity. Mechanistic studies of inhibition indicated that 
compound 1 inhibits CRAC channels by specifically targeting 
the ORAI1 protein, which makes these compounds advanta- 
geous for further development compared with other non- 
specific compounds that target both the ORAI1 and STIM1 
proteins of the CRAC channel. 

Additional mechanistic studies and biological evaluations 
are currently ongoing. The discovery of this novel, potent and 
ORAI1-specific chemotype will provide a new strategy for the 
further design and development of CRAC channel inhibitors. 
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